Electrohydrodynamic (EHD) printing is an emerging additive manufacturing process which provides several opportunities for advanced fiber patterning and alignment. In this study, stacked-ring netted tubular constructs were printed using controlled EHD fiber deposition. To achieve this, a modified EHD system was developed which integrated air and heating moduli, in addition to a 3D cylindrical collector. The impact of additional peripheral components was evident through enhanced solidification of as-formed polycaprolactone (PCL) polymer fiber prints, which further enabled fabrication of stacked PCL fiber rings. Subsequently, stacked-ring netted tubular constructs (via x-axis deposition manipulation) were fabricated. Electric field simulations were used to elucidate construct formation mechanism. The modified printing system provides much needed control on fiber deposition and solidification, enabling integration of essential bio-interface features and morphologies (e.g., tissue structure and surface mimicry) for advanced 3D biomaterial engineering.
Introduction
The fabrication of three-dimensional (3D) structures via printing has become an area of extreme interest marking an important era for polymeric material processing [1] [2] [3] [4] . Numerous remits (e.g., biomedical, tissue and pharmaceutical engineering) require advanced additive processes to deliver high-resolution 3D and curved architectures [5] . Furthermore, intrinsic factors of desirable materials (e.g., biostability, biocompatibility and rheology) become obstacles when considering such advanced engineering methods [6] for polymer processing [7] . Electrohydrodynamic (EHD) printing, an emerging directwrite method, provides greater control on fiber formation (in situ) and deposition by shortening the working distance (\ 10 mm) and optimizing highvoltage application. Both of these factors, in tandem, permit precision patterning, control on fiber morphology and the potential to build 3D structures (through over-printing) [8] . The EHD printing process is capable of generating structural features at \ 10 lm resolution [9] .
At present, the main focus of EHD printing has centered on 3D structure engineering on a flat surface (i.e., collector) [10, 11] . Using this method, wellaligned 3D structures with variable grid pore (void) sizes have been generated ranging from 200 9 200 to 500 9 500 lm 2 . Furthermore, by manipulating the xy axis stage pathway, various 3D structures exhibiting well-aligned rectangular and/or rhomboid lattice have been fabricated [12] . While most developmental EHD printing techniques provide significant control on fiber alignment, short working distances and low applied electric fields are known to hinder the polymer solidification (from jet to fiber) process [13] . This, therefore, has resulted in greater efforts toward perpendicular patterning (interlinked x-y geometries) when compared to printing and over-printing on a single axis, since the former allows more time for residual solvent evaporation. In addition, the mainstay of EHD printing has been on planar surfaces to generate flat architectures and, in this regard, there is an impending need for a technological advance which delivers more complicated structures such as tubes or cylinders which incorporate both curved and flat geometries. The implication of such structures is immense in tissue engineering fields as these are similar to many bio-structures found in the body (e.g., blood vessels, urethra, intestine and larynx). The generation of tubular constructs can be obtained through electrospinning using peripheral components such as rotating drum, disk and 3D columnar collectors. However, these methods are restricted in fiber alignment, orientation and precision over-layering, although generation of 3D microscopic structures has been achieved through these techniques (based on deposition time and accumulated material density). In this regard, an increment to structure height is achievable, but pre-determined complex structure engineering in multiple-axes remains a challenge.
In this work, a modified EHD printing system was designed integrating air and heating moduli. To facilitate non-planar printing, a rotating 3D cylindrical collector was also assimilated into the device. Fiber forming (e.g., applied voltage, rotation speed and flow rate) and solidification (e.g., ambient temperature, perfused air speed) parameters were explored and optimized. The functional system enabled stacked-ring netted tube fabrication at a constant print velocity via EHD processing. PCL was selected due to its good biostability, mechanical properties, chemical stability, low toxicity and biocompatibility [14] . Electric field simulation (EFM) with respect to print velocity speed elucidated the formation mechanism.
Experimental section Materials
Poly (e-caprolactone) (PCL, M w = 8 9 10 4 g/mol,
Sigma-Aldrich, USA) and acetic acid (Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) were used without further purification. All materials were of analytical grade. The processing medium (solution) used in this study comprised 26 wt% PCL polymer in acetic acid. For this, a known quantity of PCL was dissolved in acetic acid through mechanical stirring at 25°C for 6 h.
Experimental process setup
The modified EHD printing system (Fig. 1a) includes a rotating cylindrical collector (OD: 10 mm), two-axis (xy) precision stage, controlled air infusion system, an adjustable heater, a high voltage-power supply and a syringe pump. A stainless steel rotating cylinder was used as the collector (maximum rotation * 1000 rpm). The cylindrical collector was placed above the XY platform which provided constant and programmed to-and-fro movements ranging from 0 to 50 mm/s. A silicon carbide plate was placed beneath the cylinder permitting controlled adjustments to the heating temperature (up to 120°C) in order to investigate the impact of temperature on single fiber morphology and stacked fiber engineering. An in-house developed air perfusor was used to flow gas beneath the cylinder, and the flow speed was measured using an anemoscope (Xima, Hong Kong, China). A DC voltage between 3 and 8 kV (maximum * 30 kV, 0.1 mA, Glassman high voltage Inc. series FC, USA) was applied to the stainless steel needle (0.6 mm ID and 0.8 mm OD) located 1 cm above the cylindrical collector. A continuous flow of polymer solution through the needle was provided using a high-precision programmable syringe pump (KD Scientific KDS100, USA).
Characterization
Engineered PCL structures were examined using optical (OM) (Phoenix BMC503-ICCF, China) and scanning electron microscopy (SEM, SU 8000 SEM, Hitachi, Japan). All samples were sputter-coated (Sputter coater 108 auto, Cressington Scientific Instruments Ltd., UK) with Pt for 90 s at a current intensity of 25 Ma and were analyzed at an accelerating voltage of 20 kV prior to SEM analysis. ImageJ software (National Institutes of Health, USA) was used to measure the diameter of fabricated fibers. Fiber diameters were quantified by statistical distribution that involved a random sample of n = 50 for each experimental condition. Origin software (OriginLab, USA) exported all data for further analysis via graphical plots. Error bars were plotted to represent the mean ± standard deviation.
Electric field simulation
High-voltage electrostatic field simulations for the electrohydrodynamic printing process were performed using Comsol Multiphysics 5.2 software (Burlington, MA) via finite element method. In order to mimic experimental procedure, three-dimensional geometries of the device were developed through deployment of computational boundaries. The length and diameter of the steel nozzle were set to 20 and 0.8 mm, respectively. The applied voltage and relative permittivity were set to 3 kV and 81, respectively.
Results and discussion

Electrohydrodynamic printing system
Upon application of voltage to the processing needle, an electric charge is induced at the polymer solution surface. Maxwell stress is created causing the solution to stretch in the field's direction. A continuous jet of liquid is formed when the Maxwell force is greater than the surface tension, as shown in Fig. 1b. Figure 1c shows a digital micrograph of a 3D stackedring netted tubular construct fabricated using the modified EHD printing system.
Impact of working parameters
In conventional EHD printing processes, fiber diameter is influenced by process parameters such as solution concentration, working distance, applied voltage, flow rate and collector/substrate velocity [15] . Therefore, optimal printing conditions were determined for applied voltage, flow rate and collector rotation speed. At optimal conditions, key attributes related to stable jetting and acceptable fiber generation (uniformity, continuity and diameter) were assessed. Here, PCL concentration (26 wt%) and the working distance (10 mm) for fiber formation were kept constant [8] . In order to fabricate fiber prints with good uniformity and continuity as shown in Fig. 2a , forming parameters were studied in sequence. Figure 2b demonstrates the impact of applied voltage on print fiber diameter, with the rotation speed and flow rate fixed at 120 rpm and 0.25 mL/h, respectively. Here, mean PCL fiber diameters were 9.5 ± 3.0, 5.2 ± 1.5 and 3.7 ± 1.6 lm at varying applied voltages of 3, 5 and 8 kV, respectively. The application of a high voltage causes charge to be transferred to the polymeric medium, and changes to the applied voltage are reflected in the shape of suspending droplet at the processing nozzle exit. This will include surface charge, dripping rate and velocity of the flowing fluid; all of which interplay and impact the diameter of resulting electrospun fibers [16, 17] . Using a fixed working voltage of 5 kV and flow rate of 0.25 mL/h, the mean diameter of resultant fiber prints decreased significantly from 50.3 ± 5.2 to 6.9 ± 0.9 lm when the rotation speed was increased from 80 to 160 rpm, as shown in Fig. 2c . This phenomenon is attributed to an increase in polymer thread drawing force at enhanced rotation speeds. Here, there is potential for the jet to be stretched further on contact with the rotating collector, especially when the collector speed is greater than the jet-deposition speed. Figure 2d illustrates the impact of polymer medium flow rate on resulting print fiber diameter at a fixed working voltage of 5 kV and rotation speed of 120 rpm; print fiber diameters were 10.5 ± 2.5, 12.9 ± 1.3 and 33.6 ± 7.6 lm and were obtained at flow rates of 0. 20, 0.25 and 0.30 ml/h, respectively. This change is attributed to an increase in volume of solution being perfused from the needle and therefore during the elongation period.
Temperature and air infusion moduli are considered as peripheral components of the EHD printing system. Compared to the previous three parameters; these are expected to have greater impact on the fiber solidification process. With a clear focus on fiber morphology and resulting structure stability (overlayering), the following experiments were conducted using a fixed working applied voltage of 3 kV, rotation speed of 120 rpm and flow rate of 0.25 mL/h.
As shown in Fig. 2e , printed PCL fiber diameter increased from 5.0 ± 2.0 to 40.1 ± 5.2 lm with an increase in heating temperature (from 25 to 55°C). A possible explanation for this change relates to the melting point of PCL polymer (58°C). During electrohydrodynamic printing, aligned fiber formation is achieved through two interplaying processes; solvent evaporation and polymeric structure solidification [18] . Incomplete processes (for either) will cause semi-liquid or deformable fibers to be deposited promoting spreading. The melting point of PCL polymer is 58°C and collection at elevated temperatures (e.g., 55°C) directly hinders polymeric structure solidification since the polymer will be in a partially molten state [19] . Increased solidification time (molten state) will yield non-stereoscopic flat fibers which have broadened diameters compared to stereoscopic fibers fabricated at lower collecting The effect of solidification parameters on print fiber diameter; e temperature, f air infusion speed. Fibers fabricated g without air infusion and h with air at 3 m/s flow rate. temperatures. On the microstructure level, vibration and mobility of large quantities of disordered polymeric chains retard the solidification process. In addition, elevated collection temperatures will cause fiber adhesion as shown in Fig. 2g , resulting in coarser diameters. This contributes toward the clear noticeable difference in diameter. The assistance of heat provides volatilization of residual solvent, although it also favors softening and spreading of the forming polymer fiber. For air infusion, mean print fiber diameters of PCL were 8.7 ± 1.9, 4.3 ± 0.6 and 2.4 ± 0.6 lm at 0, 2 and 3 m/s infusion rates as shown in Fig. 2f . An increase in air infusion rate causes enhanced solvent evaporation and fiber solidification, thus decreasing fiber diameter. An application of air flow at 3 m/s (ambient temperature) is sufficient to solidify non-dry fibers as shown in Fig. 2g , h, respectively.
Multi-layered deposition
Rapid fiber solidification is pivotal for optimal EHD printing which ensures minimal print spreading due to residual solvent. In conventional EHD processes, fiber solidification at short working distances and low applied electric fields is problematic, hindering multi-layer deposition in the same axis and especially for over-printing methods which are essential for generating stacked 3D structures. Based on the desired measurable attributes, optimal working parameters for the optimized EHD printing system were determined to be 3 kV (applied voltage), 0.25 mL/h (flow rate), 120 rpm (collector rotation speed) at 25°C with an air infusion rate of 3 m/s. Although higher applied voltage (8 kV) and rotation speed (180 rpm) or lower flow rate (0.20 mL/h) could be used to fabricate finer fibers when printing a single layer, such diameters are not favorable for multilayer deposition. In addition, as the height of the overall deposit increases during controlled layered deposition, charging effects are more likely to occur with increased working voltage. Increasing the rotation collector speed is a limitation for multi-layer deposition since noise and vibration impact alignment. A Taylor cone-jet image is shown in Fig. 3a captured under these optimal conditions. Printed PCL fibers are uniform and exhibit a smooth surface and retain their morphology during multi-layered in situ deposition. Figure 3b , c shows optical and scanning electron micrographs of 15 adjacently stacked fibers displaying good adhesion but clear individual fiber boundaries. Similar stacked architectures are observed when 35 and 55 printed fibers are over-printed as shown in Fig. 3d , e and f, g, respectively. Here, the mean fiber diameters were 5.9 ± 0.6, 5.1 ± 0.7 and 4.7 ± 0.7 lm for 15, 35 and 55 stacks, respectively. The addition of infused air (at 3 m/s) facilitates print fiber solidification during the EHD printing process, allowing structures to maintain their integrity and morphology when in contact with adjacent fibers.
Engineering stacked and ring netted structure
Stacked PCL fibers, which span the circumference of the cylindrical collector, were further used to demonstrate stacked-ring netted tube engineering. For this, a series of experiments were performed using variable moving speeds in the x-axis. Figure 4a-c shows optical micrographs of printing PCL structures obtained at speeds of 1, 2 and 4 mm/s, respectively. Similar fiber structures were obtained at all speeds. The structure comprises two fibrous components; firstly, a well-orientated 'stacked-ring' and the second is bifurcated fibers forming a random 'net,' providing filamentous coverage between wellorganized stacks. The stacked-ring exhibits reduced light transmission compared to netted component, resulting in dark (stacked-ring) and bright (netted) filaments in optical micrographs. The well-ordered ring structure shows larger mean diameters (55.8 ± 11.2 lm) compared to netted counterparts (6.3 ± 2.6 lm). This difference arises due to the plotting speed of the x-axis and relative dynamic electric field distribution. Deposited fibers also stretch due to movement arising from the x-axis, resulting in coarser diameter distribution when compared to stacked morphologies (no movement in x-axis). The mean distance between adjacent stacked rings was 254.6 ± 55.6, 204.3 ± 35.8 and 248.6 ± 43.6 lm when deploying speeds of 1, 2 and 4 mm/s, respectively. Scanning electron micrographs (Fig. 4d) confirm the overall stacked-ring net structure, intermediate ring gaps and fibrous coverage provided by netted fibers. Such structures are favorable and highly applicable to promote cellular interaction and growth [20] . Furthermore, intermediate stacked rings provide mechanical features for scaffolds which are similar in nature [21] .
Deposition mechanism based on simulation studies
Electric field simulations were performed to determine the underlying mechanism for stacked-ring and stacked-ring netted construct formation. Upon deposition of the first printed fiber ring, an increase in charge density is noted around the deposited structure. This charge guides the next printed fiber giving rise to accurately stacked rings [22] . This is termed as stage I (Fig. 5a, e) . Programmed movement of the collector (in the xaxis direction at 1 mm/s) results in bifurcated fiber production and netted structures are formed. This is due to an increase in charge density arising from multiple stacked rings, and guidance of newly deposited fibers is less well controlled (due to multiple charged points). Figure 5b , f (termed stage II) indicates the accumulated charge in stacked-ring structure plays a major role in guiding fiber deposition, with fibers being deposited onto stacked structures when they approach the closest stack (by movement in the x-axis). When the needle approaches an intermediate region between two stacked fibers (stage III), guidance from the combined electric field is weaker, and jetting mode is influenced by perturbations arising from lateral position and lateral velocity of the jet and results in a complicated format [23] [24] [25] . In this instance, bifurcated fibers are likely to result as shown in Fig. 5c, g. Figure 5d , h shows electric field simulation at (stage IV) when the needle relocates to a point close to the stacked ring on the xaxis. This further confirms that the accumulated charge in stacked rings has a dominant role in controlling fiber deposition and ensuring neat and wellaligned 3D structure engineering. In addition, controlled movements in the x-axis, causing changes to deposition needle location, permit the formation of netted structures.
Conclusions
In summary, integrating the EHD printing system with an air infusion modulus enabled rapid solidification of printed fibers. A cylindrical collector was used effectively to demonstrate printing on to a curved surface and a 3D structure indicating a potential bio-fabrication tool. By controlling the applied voltage, collector rotation speed and solution flow rate, near uniform and dry PCL fiber prints were obtained. Variable stacked-ring structure engineering (up to 55 layers) was achieved on a pre-selected 3D cylindrical template collector. Finally, a stacked-ring netted tubular construct was fabricated by introducing controlled movement in the x-axis (collector). Corresponding electric yield simulations were set to explain the mechanism of structural deposition. The modified system provides several opportunities for numerous biomedical fields.
